Abstract. The main goal of the presented study is the development of industrial hemp fibre reinforced biocomposites. Matrix materials used are as follows: thermoplastic starch based systems, blends of biodegradable polymers -poly(vinylalcohol) and microbially produced polyester polyhydroxybutyrate. The correlation among hemp fibre content, matrix composition and characteristics of biocomposites has been demonstrated. Hydrophobic finishing of reinforced biocomposites with Rucostar DDD diminishes moisture absorption. Biodegradation of biocomposites has been found to be composition dependent.
I. INTRODUCTION
In recent years much attention has been focused on the development and use of biodegradable composite materials based on the renewable resources as an eco-friendly alternative to traditional nondestructive synthetic plastic materials. The use of natural fibres as reinforcement in polymer composites has attracted special interest due to their availability, low cost, light weight, renewability, acceptable specific strength properties, ease of separation and biodegradability [1] [2] [3] [4] .
The present study is focused on the development of specific class of reinforced biocomposites denoted as "green composites", where bio-based polymers serve as a matrix for natural fibre reinforcement and both of them are derived from renewable resources and are fully biodegradable [1, [2] [3] [4] [5] [6] [7] [8] .
The basic idea of our research is the selection, optimization and comparison of distinct matrix materials and the assessment of their suitability for designing of natural fibre reinforced "green composites".
Several potential biodegradable polymers have been selected to reach the above-mentioned aim: microbially produced polyester polyhydroxybutyrate (PHB), chemically synthesized polyvinyl alcohol (PVA), agropolymers (thermoplastic starch -TPS); moreover, various their blends have been developed as modified bio-based matrix material. PHB as one of commercially available polyhydroxyalkanoates has attracted interest as a promising thermoplastic biopolymer due to its specific propertiesbiodegradability, biocompatibility and hydrophobic nature [9, 10] and has been recognized as available raw material for a biodegradable polymer matrix. One of possibilities to improve inherent brittleness and thermal instability of hydrophobic PHB and to reduce high production costs can be assured through modification and blending with other types of biodegradable polymers [10] [11] [12] [13] [14] . The main goal of the present study is based on such an approach -the elaboration of novel waterborne polymer matrix systems -blends of hydrophobic PHB (in the powder or latex form) with hydrophilic partner components -TPS or/and PVA -for the development of hemp fibre reinforced biocomposites and the analysis of mechanical, hygroscopic properties and biodegradability of the obtained biocomposites. Rucostar DDD -fluor containing, cation active nanopolymer for fibre finishing with a triple effect: hydrophobic and oleophobic finish and lubrication. For use in the present study, Rucostar DDD was diluted 1:1 with water.
II. MATERIALS AND METHODS

Materials
The formation process of hemp fibre reinforced biocomposites was performed by a solution casting technique based on the so-called "wet process", i.e., preparing water solutions or dispersions of the selected biopolymers (PVA, PHB, TPS) as a continuous matrix and incorporating hemp fibre by blending in high-intensity mixer VITEK-VT1408 250W (15…20 min) in order to obtain homogenous material ( Fig. 1) .
Mixing of PHB powder in the matrix was assured by grinding in a special glass pearl mill. After drying biocomposites were compression moulded at 180…200 °C into 0.2…0.5 mm plates.
Testing Methods Mechanical characteristics were determined by Zwick Roell Testing machine in accordance with LVS EN ISO 527-3 (v = 10 mm/min). Moisture absorption was measured according to ASTM D585 (RH = 98%). Laboratory accelerated soil degradation tests were carried out gravimetrically at 25 °C in the microbially active garden soil (pH = 6.5; water content in the range of 22…24%). 
III. RESULTS AND DISCUSSION
The present study concerns the development of hemp fibre reinforced "green composites" based on a biodegradable matrix from renewable resources -mainly agro-polymers and modified systems of their representative -TPS as low-cost, annually renewable and biodegradable material. The chosen strategy focuses specifically on the designing of several series of modified TPS blends in order to obtain biodegradable multiphase matrix materials with natural fibre (hemp) and to analyse the effect of such systems on the mechanical properties and biodegradability of biocomposites.
Preparation method of different matrix systems containing mixtures of TPS with PVA, PHB powder or latex was elaborated and the use of these matrix systems for the development of reinforced biocomposites tested and compared with a previously employed matrix -blends of biopolymers -PVA/PHB [15] .
The formation process of PHB latex films from colloidal native granule suspension was developed earlier [16] and main preconditions for ensuring film forming properties were ascertained. Characterization of the used matrix systems and biocomposites is explained below ( Table I) .
The effect of matrix compositions on the mechanical characteristics of the obtained hemp reinforced biocomposites was ascertained. Fig. 2 shows the mechanical characteristics of the obtained hemp fibre reinforced biocomposites based on the modified TPS matrix systems obtained by the abovementioned solvent casting technique with a subsequent compression moulding process.
As seen in Fig. 2 , tensile strength (σ t ) of TPS based biocomposites with 30 wt.% fibre reinforcement shows ~2-fold increase in the σ t of pure TPS.
Fig. 2. Tensile strength (σT) and elongation at break (ε) of TPS based matrix
An increase in the fibre content up to 50 wt.% did not improve σ t and as it was clarified earlier [15] the optimal fibre content by the applied mixing technology was found to be at the level of 30 wt.% using 3 mm long fibre. Such fibre characteristics were employed for all further biocomposites. Fig. 2 shows the mechanical response from different types of TPS based matrix compositions. It was revealed that the best results in terms of mechanical strength were ensured for the TPS/PVA matrix (~3-fold increase of σ T ), which could be explained by the compatibility of PVA and starch [14] and the interaction possibility of similar functional groups in the structure of hemp and starch.
Incorporation of PHB in the TPS matrix resulted in somewhat lower σ T values likely due to insufficient homogeneity of material and imperfect bonding between fibre and matrix, which needs to be studied in further research. Mechanical characteristics of different elaborated matrix systems and such matrix based hemp fibre reinforced biocomposites are summarized in Table I .
The obtained results testify that the best results in terms of mechanical strength were ensured by the use of PVA containing matrix for both types of matrix systems: σ T ~ 23 MPa, E T > 500 MPa -TPS based matrix, σ T ~ 34 MPa, Eε > 600 MPa -starch containing PVA/PHB matrix.
As all biocomposites are heat treated, mechanical strength improvement of biocomposites containing PVA could be explained by the presence of double bonds in the main chain of PVA resulting in higher heat stability and promoting a more ordered structure and increased crystallinity of PVA [17] ; such probability needs to be studied in detail.
Differential scanning calorimetry (DSC) measurements of individual PVA and PHB powders (heating/ cooling rate -10°C/min.) show that these biopolymers are thermodynamically incompatible (Fig. 3) . However, combined in a film, they show a more complex behaviour, and the PHB and PVA matrix interaction can be achieved. As natural fibres and TPS are hydrophilic materials, the evaluation of moisture absorption of TPS based hemp reinforced biocomposites is of special importance. The effect of matrix composition on the moisture absorption of obtained hemp fibre reinforced biocomposites has been verified (Fig. 4 and Fig. 5 ).
It has been ascertained that hemp reinforcement and incorporation of hydrophobic PHB in the TPS based matrix promotes diminishing of moisture absorption of biocomposites (Fig. 4) . To further improve the moisture resistance of hemp reinforced biocomposites, some attempts of hydrophobic finishing with Rucostar DDD (with subsequent heat treatment at 160 °C) were performed (Fig. 5) . The first results have testified the affirmative influence of the used finishing method and, therefore, it is intended to continue research in such a direction. Susceptibility to biodegradation in soil of the prepared hemp fibre reinforced biocomposites was tested gravimetrically, by monitoring the time-dependent weight loss in garden soil. The biodegradation rate dependent on the matrix composition was found. The use of TPS based matrix and the addition of starch to the PHB/PVA matrix significantly facilitated the biodegradation process -their mass loss during 2…3 months reached 60…80 wt.% of the initial weight (Fig. 6 ). The formation process of several novel biodegradable polymer (TPS, PVA, PHB) based waterborne systems has been elaborated and the use of these systems as a continuous matrix for the development of hemp fibre reinforced biocomposites by a suspension casting technique has been assured.
The relation between polymer matrix compositions and mechanical characteristics and biodegradability of biocomposites has been established. The best results in terms of mechanical strength for TPS based hemp fibre reinforced (30 wt.%) biocomposites have been achieved by the addition of PVA (σ T ~ 23 MPa, E T > 500 MPa); for PVA/PHB blends containing matrix -by the incorporation of native starch (σ T ~ 39 MPa, E T > 900 MPa). Such phenomena could be explained by structure similarity of hemp and starch, and interaction of functional groups.
DSC measurements of PVA/PHB blends express a complex thermal behaviour as the evidence of variable interaction of these polymers.
It has been found that the use of PHB containing matrix and hydrophobic finishing with Rucostar DDD promotes diminishing of moisture absorption.
The biodegradation rate in soil of hemp fibre reinforced biocomposites has been found to be matrix composition dependent. The use of TPS based and starch containing matrix facilitates the biodegradation process.
Summary of the obtained results testifies that a number of designed waterborne matrix systems offer the scope for the development of natural fibre reinforced "green" biocomposites with controllable mechanical characteristics and biodegradability.
